Opposite undamaged nucleotide T, DNA polymerase i (Poli) preferentially incorporates G rather than A, violating the Watson-Crick rule. Although the actual biological role of Poli remains enigmatic, we have identified its coding gene as a candidate for pulmonary adenoma resistance 2 (Par2), a mouse quantitative trait locus modulating chemically induced lung tumor susceptibility. Notably, the most tumor-sensitive Par2 allele possessed by the 129X1/SvJ mouse is associated with a loss-of-function mutation in Poli. To determine whether the nonfunctional Poli is responsible for the 129X1/SvJ-specific Par2 phenotype, we knocked out Poli in a C57BL/6J mouse carrying a less tumor-sensitive Par2 allele. Disruption of the C57BL/6J Poli conferred 129X1/SvJ-like sensitivity on the C57BL/6J Par2 locus and increased the in vivo mutation frequency in the lung, providing definitive proof that Poli causes the Par2 effect and inhibits tumorigenesis and mutagenesis, despite its extreme replication infidelity.
INTRODUCTION
The mouse model of chemically induced lung tumorigenesis closely mimics human adenocarcinogenesis in terms of histogenesis and molecular events represented by the KRAS oncogene mutation. 1 As human lung cancers are largely caused by chemical carcinogens from the environment, including those from tobacco, 2 the mouse model is a reasonable surrogate for studying the genetic predisposition to lung adenocarcinomas.
We have been working on molecular identification of the pulmonary adenoma resistance 2 (Par2) locus on mouse chromosome 18, a major quantitative trait locus that modifies susceptibility to urethane or diethylnitrosamine-induced lung tumors. 3, 4 Par2 alleles have been classified into three phenotypic categories: the sensitivity allele for the 129X1/SvJ mouse; the intermediate allele for the C57BL/6J, A/J or C3H/HeJ mouse; and the resistance allele for the BALB/cByJ mouse. [3] [4] [5] [6] Our fine mapping study localized Par2 within a 2.3-Mbp segment containing DNA polymerase i (Poli), in which the polymorphic amino-acid sequence perfectly correlates with the Par2 phenotype. 4, 5, 7, 8 Poli is a member of the Y-family DNA polymerases capable of translesion DNA synthesis, 9 and is characterized by its exceptionally low fidelity in in vitro nucleotide incorporation. 10 This feature is striking, especially with an intact nucleotide T as a template: Poli preferentially incorporates G rather than A by up to threefold, in violation of the Watson-Crick rule for base pairing. 10 The physiological role of Poli is virtually unknown. However, some in vitro studies have suggested that Poli may be involved in either error-free or error-prone translesion DNA synthesis. 10 It is worth noting that the 129X1/SvJ mouse, with its uniquely sensitive Par2 allele, has a loss-of-function mutation in Poli.
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Although Poli is a member of the Y-family DNA polymerases capable of translesion DNA synthesis, 1 deficiency of human POLH, the ortholog of mouse PolZ (another closely related Y-family polymerase) causes a serious cancer-prone disease, xeroderma pigmentosum variant. 12 We therefore hypothesized that Poli may primarily inhibit lung tumorigenesis. 5 Subsequently, two independent groups reported that, under PolZ-null conditions, Poli deficiency slightly hastened the onset of ultraviolet-induced mouse skin epithelial tumors. 13, 14 However, this evidence is inevitably equivocal, because the Poli-deficient cohort was obtained as semi-congenic C57BL/6J mice carrying the 129X1/ SvJ Poli locus, 13 or as intercross progeny of 129X1/SvJ and C57BL/ 6J. 14 We cannot exclude the possibility that their phenotypes were due to a non-Poli gene(s) chromosomally located near Poli and polymorphic between 129X1/SvJ and C57BL/6J.
Liu et al. 15 have proposed the Las2 gene, not Poli, to be the molecular identity of the Par2 locus, based on data from a genome-wide association study of 21 inbred mouse strains and our fine Par2 map information. However, their proposal is logically unacceptable, because the Las2 polymorphic pattern erroneously predicts the 129X1/SvJ Par2 allele is functionally resistant, 15 when it is actually the most sensitive. 5 It has been pointed out that genome-wide association studies with a limited number of mouse strains tend to give spurious results that cannot be confirmed by traditional linkage analysis. 16 Consequently, neither the gene responsible for the Par2 quantitative trait locus nor the role of Poli in tumorigenesis has been explained. In this study, we therefore produced Poli-knockout (KO) mice of the C57BL/6J strain carrying the intermediate Par2 allele in order to examine the effect of Poli deficiency on lung tumorigenesis.
RESULTS AND DISCUSSION
The linkage map interval of the Par2 locus on mouse chromosome 18 and its fine physical location with the candidate gene Poli are illustrated in Figure 1a . Phylogenetic relationship of the 129X1/SvJ, C57BL/6J, A/J, C3H/HeJ and BALB/cByJ inbred mouse strains in terms of their expected amino-acid sequences of the Poli are shown in Figure 1b with their associated Par2 phenotypes. Although the Poli protein is most abundant in the testis, 17 our western blot analysis confirmed deficiency of Poli in that organ of a 129X1/SvJ mouse ( Figure 1c ). Comparable amounts of the fulllength protein (80 kD) were observed in the testes of the other four strains (Figure 1c ), indicating that, consistent with our hypothesis, the resistant BALB/cByJ Par2 phenotype should be attributed to the polymorphic amino-acid sequence of the Poli protein. 4 To determine whether Poli is the molecular determinant of the functional difference between the 129X1/SvJ and C57BL/6J Par2 alleles, we established a Poli-KO mouse using an embryonic stem cell line of C57BL/6J mouse origin. Genomic structures of the normal and KO alleles are illustrated in Figure 2a . More details of the KO strategy are shown in the Supplementary Information. The KO allele of Poli lacks exons 5 and 6. This region corresponds to motifs IV and V conserved among the Poli protein orthologs of various species. 17 Motif V contains a helix-hairpin-helix region for DNA binding. Thus, the KO allele is theoretically unable to produce functional proteins. Furthermore, as exon 4 directly splices to exon 7 with the KO allele, a frame shift is expected to occur. Although a full-length Poli protein is 717 amino acids in length, the frame shift should introduce an early stop codon and result in translation of a truncated protein composed of only 163 amino acids. Thus, the truncated protein lacks not only motifs IV and V, but also the C-terminal sequence required for nuclear localization. 18 Using polyclonal anti-Poli antibodies raised against the N-terminal 340 amino acids, western blotting of the testis actually revealed the absence of both full-length and truncated Poli proteins in our C57BL/6J
Poli( À / À ) mouse ( Figure 2b ). On the other hand, the amount of Poli was below the detection limit even in the C57BL/6J
Poli( þ / þ ) lung, consistent with a previous report that the expression level of human POLI mRNA in the lung is only about 5% that of the testis. 19 However, for both the lung and testis of the C57BL/6J
Poli( þ / þ ) mouse, reverse transcriptase-PCR (RT-PCR) analysis of total RNA clearly amplified normal products of the expected size ( Figure 2c ). Semiquantitative RT-PCR indicated the amount of Poli mRNA in the lung was 6% of that in the testis. As for the C57BL/6J
Poli( À / À ) mouse lung and testis, the expected truncated mRNA and additional aberrantly small mRNAs were observed ( Figure 2c ). Real-time RT-PCR targeting exons 5 and 6 confirmed that the Poli-KO mouse expresses no detectable mRNA transcribed from these deleted exons in the testis and lung (Figure 2d ). On the other hand, when the analysis was performed with primers amplifying exons 3 and 4, the truncated mRNA of the KO mouse was detected in the testis, although the level was 61% that of the normal Poli mRNA of the wild-type mouse (Figure 2d ). The KO mice were apparently indistinguishable from their wild-type counterparts and bred without problem.
We then carried out a urethane-induced lung tumor assay. As genetic predisposition to lung tumors is under complex polygenic control, it is also largely affected by the pulmonary adenoma susceptibility 1 (Pas1) locus on chromosome 6, another major quantitative trait locus. 6, 20 Although the molecular nature of Pas1 remains unclear, 21, 22 a single allelic effect of Par2 was measurable only when mice carried 1 or 2 Pas1 sensitivity alleles, 6 suggesting an epistatic interaction between the two loci. As C57BL/6J mice have the resistant Pas1 allele, whose phenotype is recessive, 23, 24 we crossed male C57BL/6J
Poli( þ / À ) mice with female A/J mice carrying the sensitivity Pas1 allele 20, 25 and the intermediate Par2 allele equivalent to the C57BL/6J Par2 allele. 7 The resultant male
The results are shown in Figure 3a . The mean lung tumor multiplicity for (A/J Â C57BL/6J)F 1
Poli( þ / À ) mice was 1.7-fold greater than that of (A/J Â C57BL/6J)F 1
Poli( þ / þ ) mice. The Figure 1 . The Par2 quantitative trait locus and its candidate gene, Poli. (a) Par2 was identified in an approximately 13-cM region of mouse chromosome 18 by linkage analysis. 3 We then localized Par2 within a 2.3-Mbp interval, which includes the candidate gene Poli. The Dcc and Mbd2 genes also lie in this region, but were excluded as candidates. 4 (b) Phylogenetic topology of the strain-specific aminoacid sequences and their associated Par2 phenotypes are also shown. 5 The relative phenotypic effect of Par2 indicates the approximate magnitude of a single allelic effect on mean number of lung tumors induced by urethane. [3] [4] [5] [6] [7] This study aimed to clarify the allelic difference between 129X1/SvJ and C57BL/6J, shown in red. (c) Western blot analysis of Poli and b-actin in the testes, where Poli is most abundant, 9 of five inbred mouse strains. BALB/cByJ mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). All other strains were from Japan SLC, Inc. (Shizuoka, Japan). The analyses were performed as previously described, 41 using rabbit anti-Poli antibodies against the N-terminal 340 amino acids from ProteinTech (Chicago, IL, USA) and mouse anti-b-actin antibodies from Dako (Carpinteria, CA, USA). Each relative level of Poli was estimated by densitometry in reference to the corresponding signal intensity for b-actin.
difference was highly significant (P ¼ 1.9 Â 10 À 7 ), indicating that functional Poli inhibits lung tumor development. In our previous study, a single 129X1/SvJ Par2 allele increased mean tumor multiplicity by 1.6-fold relative to an A/J or C57BL/6J Par2 allele. 5 Furthermore, Poli deficiency did not affect mean tumor size (Figure 3a) , consistent with our previous observation for the Par2 effect. 6 Thus, disruption of the C57BL/6J Poli fully converted the C57BL/6J Par2 allele to a 129X1/SvJ-like Par2 allele, leading to the conclusion that Poli is sufficient to explain the phenotypic difference between the sensitive and intermediate Par2 alleles. Histological examination of representative urethane-induced lung tumors confirmed that they were typical adenoma precursors of adenocarcinoma (Figures 3b and c) .
We also performed lung tumor assays with the C57BL/6J
C57BL/6J
Poli( þ / À ) and C57BL/6J Poli( À / À ) mice carrying only the resistant Pas1 allele. Although overall tumor multiplicity was lower than in (A/J Â C57BL/6J)F 1 mice, a dose-dependent inhibitory effect of the functional Poli allele was observed (Figure 3d ). Once again, the Poli genotype influenced tumor multiplicity, but not size (Figure 3d) . However, when compared with the pooled mean tumor size of (A/J Â C57BL/6J)
mice (that is, 0.81 mm), the mean value for C57BL/6J ). This difference is at least partially attributable to the allelic difference at the Pas1 locus, which affects both tumor number and size. 6 Accordingly, we detected the Par2 (that is, Poli) effect independent of Pas1 status, in contrast to our previous observation. 6 This apparent inconsistency should be due to the genetic heterogeneity of the backcross mice used in the previous study in combination with their very low mean tumor multiplicity (only 0.3 tumors per mouse). Both factors reduce the statistical power for detecting the Par2 effect. In fact, even in this study on inbred C57BL/6J mice, the difference between C57BL/6J Poli( þ / À ) and C57BL/6J
Poli( þ / þ ) was only marginally significant (P ¼ 0.043). Poli as a translesion DNA polymerase, should inhibit lung tumorigenesis by preventing point mutations after genotoxic insult at the initiation of tumorigenesis. This idea is supported by the fact that the Par2 locus modulates tumor number, but not size. We performed an in vivo mutagenesis assay using the guanine phosphoribosyltransferase (gpt) delta mouse. 26 The gpt delta transgene was heterozygously introduced into the C57BL/ 6J
Poli( þ / þ ) or C57BL/6J Poli( À / À ) background and male mice were treated with urethane. After 2 weeks for fixation of induced mutations, the assay was performed. The mutant frequency of the gpt transgene for each group is depicted in Figure 4a . We could not provide evidence that Poli deficiency promotes spontaneous mutagenesis in the lung. However, with urethane treatment, the mean mutant frequency in C57BL/6J
Poli( À / À ) mice was 1.8 times greater than in C57BL/6J
Poli( þ / þ ) mice. This result indicates that Poli inhibits urethane-induced mutagenesis in the lung. In conclusion, Poli inhibited urethane-induced lung tumorigenesis at least in part by providing protection against mutagenesis.
Mouse lung tumors often exhibit activating point mutations in the Kras2 oncogene as an initiating event for tumorigenesis. 1, 27 Its mutational spectrum is generally carcinogen specific. In urethaneinduced lung tumors, activation is almost exclusively caused by an A to G transition or an A to T transversion at the second position of codon 61, whose wild-type sequence is CAA. 27 A previous report demonstrated that approximately half of urethane-induced lung tumors from C57BL/6J mice possessed a Kras2 codon 61 mutation with a high predominance of the A to G transition over the A to T transversion. 28 To know whether this feature is affected by the Poli genotype, we analyzed urethane-specific Kras2 mutations in the lung tumors of C57BL/6J
Poli( þ / þ ) and C57BL/6J Poli( À / À ) mice, using a PCR-based restriction fragment length polymorphism method. 6 The mutations were observed in around 45% of the (Figure 4b ). All of the mutation-positive cases exhibited the A to G transition. 28 These results suggest Poli deficiency may increase the probability of urethane-induced mutations without significantly altering their spectrum.
Poli is unique for its extremely error-prone feature in base incorporation with intact DNA templates in vitro. 10 For this reason, Poli was initially proposed to contribute to physiological hypermutation, for instance, in immunoglobulin genes. 29 However, the Poli-deficient 129X1/SvJ mouse exhibited normal immunoglobulin hypermutation, indicating that the assumed Poli function is untrue or dispensable. 11 Similarly, several studies have demonstrated that Poli is occasionally overexpressed in human cancer cells, [30] [31] [32] [33] favoring the hypothesis that Poli promotes human carcinogenesis by elevating mutation frequency. Nevertheless, our study provides the first direct evidence that Poli prevents tumorigenesis and mutagenesis in living animals after genotoxic insult. Two works with POLI-deficient human cell lines in culture suggested Poli may protect against DNA damage induced by oxidative stress or ultraviolet irradiation. 34, 35 Recent in vitro evidence also indicated that Poli may participate in error-free translesion DNA synthesis with templates modified by adducts. 36, 37 Although this study has directly proved that Poli protects against tumorigenesis and mutagenesis, its deficiency is not per se life threatening for mice. We thus expect that nonfunctional alleles of human POLI are much more prevalent than are those of the closely related POLH, responsible for xeroderma pigmentosum variant. 12 Humans with reduced POLI activity would have no obvious health problem except for a modest increase in cancer predisposition associated with exposure to genotoxicants. Interestingly, a case-control study on selected candidate loci demonstrated that the human POLI polymorphism was significantly associated with lung cancer susceptibility. 38 Even if this association has not been confirmed by large-scaled genome-wide association studies in humans, 39 such studies may overlook many important loci whose disease-prone alleles are relatively infrequent. 40 Additional epidemiological studies specific to POLI will elucidate its contribution to human cancer susceptibility.
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Poli( À / À ) mice. Activating Kras2 point mutations observed in urethane-induced mouse lung tumors are almost exclusively A to G transitions or A to T transversions at the second position of codon 61, whose wild-type sequence is CAA. 27 As these mutations create a novel TaqI or XbaI restriction site, respectively, they were analyzed by a PCR-based restriction fragment length polymorphism method as described. 6 Briefly, genomic DNA from each urethaneinduced tumor was PCR-amplified with KrasF (5 0 -GAAAC CTGTCTCTTGGATA-3 0 ) and KrasR2 (5 0 -TTAAACCCACCTATAATGG-3 0 ) primers, which flank the Kras2 codon 61 and amplify a product of 156 bp. In the absence of the A to G transition, TaqI digestion of the PCR product results in two fragments of 132 and 24 bp. When the mutation exists, additional fragments of 119 and 13 bp are generated. Similarly, in the absence of the A to T transversion, the amplified 156-bp fragment is resistant to XbaI digestion. In the presence of the mutation, however, 118-and 38-bp fragments are generated by the digestion. Restriction enzyme-digested PCR products were run on an acrylamide gel and stained with ethidium bromide. The fragments were visualized under ultraviolet illumination. Fragments smaller than 40 bp were invisible under our conditions. Our previous study showed that the mutations were readily detectable when tumor DNA comprised over 5% of a genomic DNA sample. 6 Representative results of the TaqI restriction fragment length polymorphism analysis are shown in the Supplementary Information (Supplementary Figure 2) .
